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ABSTRACT 


Ocean  Systems  Research,  Inc.  has  completed  a  preliminary 
design  of  a  novel  thruster  to  be  used  as  a  propulsion  system  for 
the  Marine  Corp's  Amphibious  Assault  Vehicle  Propulsion  System 
Demonstrator.  The  thruster  would  be  used  in  an  electric  drive 
system . 

The  system  uses  contrarotating  axial  flow  impellers  to  develop 
a  hydraulic  head  against  an  exit  nozzle.  The  contrarotation  is 
more  efficient  than  single  stage  impellers  and  the  outer  diameter 
of  each  of  the  two  stages  can  be  smaller.  Instead  of  complex 
contrarotating  shafts  and  gears,  the  impellers  are  driven  at  the 
tips  by  independent  electric  motors  each  of  200  hp  capacity.  The 
motors  are  submersible  having  coated  rotor  and  encapsulated  stator. 

The  bearings  for  the  machine  are  on  the  outer  diameter  and 
they  are  water  lubricated.  They  are  of  the  deflection  pad  type. 

Some  advantages  of  this  machine  over  other  electric  drive 
systems  are  that  it  is  much  less  complex  and  that  its  overall 
length  is  reduced. 
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EXECUTIVE  SUMMARY 


This  report  covers  the  preliminary  design  of  a  contrarotating 
axial  flow  thruster  system.  The  thruster,  designated  Submersible 
Motor  Amphibious  Thruster  (SMf.T)  ,  uses  two  submersible  induction 
motors  to  drive  its  impellers  in  a  duct.  The  motors  surround  and 
drive  the  impellers  at  their  tips,  so  that  there  is  no  complicated 
shafting  or  gears. 

The  objective  of  this  effort  was  to  demonstrate  the 
feasibility  of  this  novel  thruster  concept  and  to  develop  the 
design  far  enough  so  that  evaluations  could  be  made.  The  work 
included  hydrodynamic  design  of  the  impellers  and  nozzle  using  both 
pump  and  propeller  design  methods.  The  induction  motors  were 
selected  from  among  more  than  50  point  designs.  They  produce  200 
horsepower  and  use  321  Hz  power  at  a  full  speed  of  2100  rpm. 

The  mechanical  design  and  integration  results  in  a  unique 
housing  configuration  which  has  rectangular  end  sections  and  a 
circular  waist.  The  bearings  are  of  the  deflection  pad  type,  and 
they  are  located  on  the  outside  diameter  of  the  machine.  There  is 
no  shaft  or  shaft  support  struts.  The  bearing  pads  are  nitrile 
coated,  and  they  run  against  a  hard  chrome  surface  so  they  are 
water  lubricated. 

The  SMAT  is  an  improvement  over  the  alternative  which  is  a 
high  speed  motor  driving  a  set  of  impellers  through  an  epicyclic 
speed  reducing  gear.  It  has  few  moving  parts.  It  is  only  55 
inches  long,  and  it  is  more  efficient. 

This  report  is  supplemented  by  drawings  of  the  SMAT  concept 
which  show  how  the  SMAT  can  be  built.  OSR  recommends  that  we  build 
a  prototype  unit  to  prove  the  technologies  upon  which  the 
Submersible  Motor  Amphibious  Thruster  is  based,  and  that  we  test  it 
first  in  a  stationary  position  and  then  finally  on  the  Amphibious 
Assault  Vehicle  Propulsion  System  Demonstrator. 
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1.0  Introduction 


Ocean  Systems  Research,  Inc.  has  carried  out  this 
investigation  in  support  of  the  United  States  Marine  Corp's 
improvements  to  the  Amphibious  Assault  Vehicle.  Until  recently, 
these  vehicles  could  perform  their  mission  successfully  with  a 
waterborne  speed  of  about  eight  miles  per  hour.  But  recent 
advances  in  an  enemy's  ability  to  repel  amphibious  landings  have 
made  a  much  higher  speed  desirable. 

Modern  versions  of  advance  amphibious  assault  vehicles  have 
used  a  planing  hull  for  improved  speeds  up  to  25  miles  per  hour. 
These  tracked  vehicles  would  use  water jets  mounted  on  a  flapped 
transom  for  waterborne  propulsion.  The  waterjet  propellers  are 
driven  by  a  separate  motor  which  is  also  mounted  on  the  transom. 
A  recently  completed  prototype  propulsion  system  used  hydraulic 
motors  to  drive  the  propellers.  System  tests  were  successful,  but 
some  major  improvements  are  still  necessary. 

The  vehicle  could  be  improved  if  the  overall  length  of  the 
thruster  system  could  be  reduced.  As  shown  in  Figure  1.,  the 
thrusters  protrude  above  the  top  of  the  vehicle  when  they  are 
oriented  vertically  for  land  operation.  This  detracts  from  the 
overall  profile  of  the  vehicle  and  hinders  gun  and  other 
operations. 

Another  important  improvement  would  be  the  incorporation  of 
electric  drive  in  the  vehicle.  The  hydraulic  system  now  in  use  in 
an  experimental  vehicle  requires  high  pressure  hydraulic  piping  and 
hose,  and  a  large  volume  of  hydraulic  oil.  The  dangers,  especially 
in  combat,  of  the  hydraulic  system  are  that  it  could  rupture, 
injuring  marines  in  the  vehicle,  or  the  spilled  oil  could  hinder 
their  egress  from  the  vehicle  once  landed.  The  viscous  losses  in 
the  hydraulics  detract  from  the  overall  efficiency  of  the  system. 

In  1988,  a  study  for  David  Taylor  Research  Center,  reference 
1,  proposed  an  electric  drive  system  which  used  four  high  speed 
electric  motors  to  drive  the  waterjets.  Figure  2.  illustrates  the 
configuration  of  the  thrusters.  The  use  of  high  speed  motors 
reduced  the  size  and  weight  of  the  system,  but  the  motors  were 
somewhat  unreliable.  The  motors  operated  at  9000  rpm  driving  the 
jet  through  epicyclic  reduction  gears.  A  final  report  on  the  same 
subject,  reference  2,  indicates  that  the  motors  and  gear  system 
could  provide  only  161  of  the  required  400  horse  power  because  of 
cooling  difficulties.  The  addition  of  an  external  oil  cooling 
system  might  alleviate  the  problem  somewhat,  but  major  design 
changes  would  be  required. 

OSR  believes  that  the  cooling  requirements  for  the  waterjet 
motors  can  be  solved  by  using  a  direct  drive,  lower  speed  motor 
which  would  have  a  much  larger  surface  area  and  generate  lower 
losses.  Moreover,  OSR  has  devised  a  different  configuration  for 
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Figure  1 


the  motor  thruster  system  which  reduces  the  overall  length  to  72% 
of  the  length  required  for  the  system  which  uses  a  high  speed  motor 
and  speed  reducing  gear. 


The  objectives  of  this  work  were  to  investigate  the 
feasibility  of  the  OSR  approach  and  to  design  a  system  in  enough 
detail  so  that  an  evaluation  could  be  made.  We  have  shown  that 
large  improvements  in  system  configuration  and  performance  are 
possible,  and  we  have  completed  a  conceptual  design  which  shows  how 
a  thruster  incorporating  the  OSR  approach  would  be  manufactured. 
We  have  called  it  the  Submersible  Motor  Amphibious  Thruster  (SMAT) . 

2.0  Discussion 

2 . 1  System  Requirements 

Table  1  lists  the  design  assumptions  and  constraints  to  which 
the  SMAT  has  been  designed. 


TABLE  1 

Maximum  Vehicle  Speed 
Required  Thrust 
Speed  at  Max  Thrust 
Available  Power 
Power  Supply 
Submergence 
Width 
Length 


2  5  mph 
4000  lbs 
18  mph 
400  Hp 
450  Hz  max 
5  psi 
19.25  in 
64  in  max 


We  have  assumed  that  overall  reductions  in  weight,  volume  and 
surface  area  are  desirable  since  these  can  improve  the  hydrodynamic 
performance  of  both  the  thruster  and  the  vehicle  itself.  We  have 
further  assumed  that  the  inflow  into  the  thruster  face  is  of 
unifoirm  velocity  distribution.  This  latter  assumption  is  made  in 
the  absence  of  better  knowledge.  A  complete  description  of  the 
wake  profile  of  the  vehicle  could  help  in  the  final  design  of  the 
impeller  blades,  but  obtaining  that  description  and  using  it  is 
outside  the  scope  of  the  present  effort. 

2 . 2  SMAT  Description 

The  SMAT  is  a  two  stage,  contrarotating  axial  flow  thruster. 
It  is  rim  driven  by  a  pair  of  induction  motors  which  are  completely 
enclosed  so  that  they  can  be  submerged.  The  bearings  for  the  SMAT 
are  water  cooled  and  lubricated,  and  they  are  located  on  the  outer 
diameter  of  the  machine  rather  than  on  a  central  shaft.  Figure  3.^ 
is  a  cross  sectional  layout  of  the  thruster  system. 

There  are  several  advantages  to  using  the  contrarotating 
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Figure  3 


scheme.  First,  it  is  more  efficient.  When  the  inlet  impeller 
imparts  energy  to  the  volumt  of  water,  much  of  it  is  rotational 
kinetic  energy.  A  contrarotating  second  stage  converts  the 
rotational  energy  to  axial.  In  studies  with  ship  propellers, 
contrarotating  propellers  were  nine  to  fifteen  percent  more 
efficient  than  single  or  tandem  propellers. 

Second,  since  there  are  two  stages  imparting  energy  t.,  the 
volume  of  water  passing  through  the  thruster,  each  stage  can  have 
a  smaller  diameter.  This  is  particularly  important  to  the  SMAT 
because  it  is  restrained  in  overall  outside  diameter  and  because 
the  volume  outside  the  impeller  tips  must  be  occupied  by  the 
electric  motor  parts. 

Contrarotation  can  reduce  the  overall  length  of  the  machine. 
In  a  machine  with  a  single  rotating  row  of  impeller  blades,  a 
second  row  of  stator  blades  removes  the  tangential  component  of  the 
flow  for  maximum  axial  thrust.  If  there  is  a  low  suction  pressure 
as  is  the  case  with  the  amphibious  assault  vehicle,  then  a  second 
rotating  impeller  is  required.  The  three  separate  rows  of  blades 
necessarily  lengthen  the  overall  machine. 

Contrarotating  machines  are  less  popular  because  of  one  mt.  jor 
drawback.  The  mechanical  drives  for  them  can  be  extremely  complex. 
In  most  cases,  a  contrarotatinq  set  of  coaxial  shafts  complete  with 
bearings  and  seals  is  driven  by  a  single  prime  mover  through  a 
contrarotating  gearbox.  By  driving  the  impellers  at  the  tips  with 
surrounding  electric  motors,  the  complexities  are  mostly 
eliminated.  In  fact,  the  SMAT  is  a  relatively  simple  machine. 
There  are  no  gear  systems,  and  no  shafts.  There  is  only  one  axis 
of  rotation  and  all  of  the  rotating  parts  are  in  two  assemblies 
each  of  which  rotates  as  one  piece. 

AnoLher  advantage  of  the  tip  (or  rim)  driven  approach  is  that 
it  reduces  mechanical  stresses  at  the  roots  of  the  impeller  blades. 
In  a  hub  driven  propeller,  the  blades  are  cantilevers  with  high 
bending  stresses  at  the  hub  connection.  Most  propeller  blades  are 
thicker  at  the  root  for  this  reason.  Hydrodynamic  optimization 
must  give  \My  to  mechanical  strength  considerations.  Since  the 
SMAT  is  driven  at  the  blade  tips,  these  blades  are  stressed  more 
like  a  beam  with  both  ends  fixed.  Also,  since  the  driving  force  is 
being  applied  at  the  largest  diameter  of  the  impeller,  it  is  spread 
out  over  a  larger  area  which  further  reduces  the  stress  in  the 
impeller  material.  Since  the  blade  tips  are  attached  to  the 
driving  rim,  the  blades  can  be  loaded  all  the  way  to  their  ends, 
unlike  other  propellers  which  must  be  unloaded  at  the  tips. 

Because  the  electrical  parts  of  the  SMAT  are  at  the  outer 
diameter  of  the  machine,  they  have  a  larger  outside  diameter  than 
otherwise.  In  general,  motors  become  more  efficient  as  the 
diameter  increases  and  the  length  decreases.  This  is  especially 
true  when  a  motor  has  many  poles. 
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The  larger  surface  area  affords  better  heat  transfer.  Cooling 
problems,  as  demonstrated  with  previous  electric  drives  for  this 
vehicle,  can  be  handled  without  external  cooling  systems.  For 
example,  the  outside  surface  area  of  the  SMAT  motors  is  2.5  times 
as  great  as  that  of  the  motor  for  the  previous  electric  drive 
system. 

Because  the  motor  parts  are  surrounding  the  impellers  there  is 
no  obstruction  to  the  thrusters  inflow.  When  the  motor  is 
connected  by  a  shaft  to  the  impellers,  it  is  normally  coaxial  with 
them.  This  means  that  a  curved  inlet  duct  must  be  provided  to 
avoid  the  motor's  obstruction.  Besides  adding  length  to  the 
thruster  system,  the  curved  duct  changes  the  velocity  distribution 
into  the  impeller  and  exacerbates  any  cavitation  problems  which 
might  exist.  The  SMAT  thruster  has  a  clean  inflow  and,  in  fact, 
takes  advantage  of  a  complete  ram  inlet. 

The  SMAT  motors  are  the  induction  type.  Although  permanent 
magnet  motors  are  an  attractive  alternative,  we  chose  induction 
motors  because  of  their  common  usage,  simple  construction,  and 
reliable  operation.  Induction  motor  technology  is  well  understood 
as  is  their  control. 

The  bearings  for  the  SMAT  are  also  on  the  outside  diameter  of 
the  machine.  There  is  no  central  shaft.  Without  the  central  shaft 
there  is  no  need  for  struts  to  hold  the  shaft  bearings.  The 
elimination  of  the  struts  also  helps  to  keep  a  clean  inflow  into 
the  machine. 

The  bearings  are  water  lubricated  deflection  pad  bearings. 
They  need  no  external  lubrication  system.  Being  located  on  the 
outer  diameter,  they  tend  to  have  higher  losses  than  bearings  on  a 
central  shaft  which  reduces  the  overall  efficiency  of  the  machine 
by  approximately  1%.  The  choice  to  locate  the  bearings  on  the 
outside  diameter  was  also  influenced  by  the  fact  that  water 
lubricated  thrust  bearings  would  have  a  larger  diameter  than  could 
be  accommodated  by  the  central  hub. 

2 . 3  Design  Approach 

2.3.1  Hydrodynamic  Design 

The  SMAT  hydrodynamic  problem  is  unique  because  the  machine 
has  the  some  characteristics  of  a  ducted  propeller  and  some  of  a 
waterjet.  The  approach  to  design  is  different  for  these  two  kinds 
of  machine,  but  experience  with  contrarotating  versions  is  limited 
for  both.  Designers  of  waterjet  systems  typically  approach  the 
problem  in  the  same  way  as  they  would  an  axial  flow  pump. 
Propeller  designers  have  modified  their  procedures  to  include  the 
effects  of  the  duct. 

OSR  approached  the  problem  from  both  directions.  For  the 
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water jet  design  we  used  axial  flow  pump  methods  to  verify  a  single 
point  design  which  incorporated  the  dimensions  and  parameters  of 
the  impellers  which  we  proposed  in  our  first  iteration  of  the  SMAT 
design.  The  design  methods  were  strictly  manual  except  for  a  small 
computer  program  which  we  wrote  to  do  some  of  the  more  tedious 
calculations.  The  blade  selection  procedure  was  adapted  from  that 
contained  in  reference  3.  Appendix  A  contains  the  complete  design 
procedure . 


The  results  of  the  manual  design  were  encouraging.  We  found 
that  we  could  use  blades  which  would  be  easy  to  manufacture  because 
they  have  zero  camber  and  that  we  could  use  thick  blade  sections. 
Because  we  kept  a  constant  solidity  with  increasing  section  radius, 
the  blades  sections  increase  in  chord  length  as  their  radial 
position  increases.  This  is  only  possible  with  a  tip  driven  system 
because  the  blades  do  not  need  to  be  unloaded  at  the  tip.  The 
resultant  blade  appearance  is  somewhat  strange  when  compared  to 
propeller  blades  or  even  to  axial  flow  pump  blades.  The  blade 
sections  are  illustrated  in  Figure  4.  Table  2  contains  the  results 
of  the  manual  design. 


TABLE  2 


Flow  Rate 
Jet  Velocity 
Tip  Diameter 
Rotational  Speed 


-  57  cu-ft/sec 

-  61.7  ft/sec 

-  14.5  inch 

-  2100  rpm 


The  manual  design  approach  increased  our  confidence  and 
highlighted  some  of  the  design  issues  which  are  involved.  The 
result  served  as  a  benchmark  for  further  more  sophisticated 
studies. 

For  continued  design  studies  we  shifted  to  methods  which 
propeller  designers  more  typically  use.  Appendix  B  contains  the 
results  of  the  studies  which  use  a  two  dimensional  lifting  line 
computer  code  to  do  parametric  studies.  The  code,  which  is 
normally  used  for  open  propellers,  was  modified  to  include  the 
effects  of  the  contrarotating  impellers  and  of  the  duct.  The 
studies  show  the  effects  of  changing  diameters  and  rotational 
speeds.  It  was  encouraging  during  this  phase  of  the  design  to  note 
that  the  parametric  studies  included  the  point  design  generated  in 
the  manual  design. 

Efforts  in  the  hydrodynamic  design  ceased  at  this  point  in 
order  for  the  electrical  design  to  determine  the  largest  possible 
tip  diameter.  The  electrical  design  eventually  determined  that 
diameter  to  be  14.25  inches.  A  final  design  with  that  tip  diameter 
has  the  characteristics  listed  in  Table  3. 
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FIRST  STAGE  BLADE  SECTIONS  SECOND  STAGE  BLADE  SECTIONS 

FIGURE  4 

SMAT  BLADE  SECTIDNS 
(PUMP  METHOD) 


TABLE  3 


Position  -  Forward 

Number  of  Blades  -  7 
Expanded  Area  Ratio  -  0.9 
Hub  Diameter  Ratio  -  0.2 
Rotation  -  Right  Hand 

Vehicle  Speed  -  18  mph 

Rotative  Speed  -  2100  rpm 

Thrust  -  1797  lbs 

Torque  -  500.2 


Power 


-  200  shp 


-  Aft 

-  9 

-  0.9 

-  0.2 

-  Left  Hand 

-  18  mph 

-  2100  rpm 

-  2044  lbs 

-  500.2 

-  200  shp 


2.3.2  Electrical  Design 

Knowing  the  range  of  possibilities  for  the  diameters  and 
speeds,  we  were  able  to  progress  into  the  electrical  design  of  the 
machine.  Appendix  C  is  a  discussion  of  the  various  considerations 
which  go  into  the  selection  of  the  electrical  parameters.  Figure 
5  is  a  one  page  summary  of  all  these  parameters.  The  information 
on  this  sheet  is  sufficient  to  manufacture  the  electrical 
components  once  the  housing  and  other  parts  are  defined. 

The  discussions  in  Appendix  C  centers  about  attempts  to  design 
a  motor  which  would  accommodate  a  14.5  inch  impeller  tip  diameter. 
More  than  50  point  designs  were  conducted.  The  number  of  poles  was 
varied  from  10  to  22  and  the  input  frequency  was  changed  from  150- 
450  Hz.  The  electrical  designers  attempted  to  keep  the  core  length 
below  12.5  inches,  and  they  tried  several  different  lengths  for 
magnetic  air  gap.  The  initial  study  concludes  that  we  would  need 
to  select  a  smaller  propeller  tip  diameter  and  probably  a  longer 
core  length. 

Figure  6  is  a  speed/torque  curve  for  the  proposed  SMAT  motors. 
It  is  developed  using  information  from  another  OSR  project  which 
uses  a  similar  contrarotating  configuration  with  water  lubricated 
deflection  pad  bearings.  The  required  starting  torque  is  high 
because  the  bearings  are  on  a  large  diameter  and  because  the  fluid 
film  lubrication  can  not  be  established  at  zero  speed.  All  of  the 
initial  electrical  studies  generated  designs  with  at  best  marginal 
capability  to  overcome  this  high  starting  torque. 

Other  conclusions  reached  by  the  initial  electrical  designs 
were  that  the  heat  removal  capabilities  of  the  initial  designs  was 
suspect  and  that  it  would  be  difficult  to  make  connections  with  the 
windings  since  there  is  little  room  between  the  housing  and  the 
outer  diameter  of  the  stator  core. 

Subsequent  analysis  using  a  14.25  inch  tip  diameter  and  a  13 
inch  core  length  improved  the  overall  design  substantially. 
Starting  torque  is  sufficient  with  an  air  gap  dimension  of  0.040 
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Inches.  The  mechanical  design  of  the  housing  would  be  adjusted  to 
make  room  for  the  electrical  connections. 

2.3.3  Mechanical  Design 

The  mechanical  design  of  the  SMAT  can  by  studied  by  referring 
to  the  drawings  which  are  supplied  separately.  The  mechanical 
design  of  the  SMAT  is  strongly  influenced  by  the  constraint  on  the 
overall  width.  A  motor  with  an  outer  core  d.ameter  of  18.75  inches 
such  as  this  one  would  normally  be  supported  by  a  frame  which  is 
much  larger  in  diameter  and  there  would  be  much  more  room  at  the 
ends  of  the  windings. 

To  compensate  for  the  dimensional  restrictions,  the  motor 
housing  has  taken  an  unusual  shape.  The  interior  of  the  housing 
must  have  a  circular  inner  bore  to  accommodate  the  stator 
laminations.  As  shown  in  Figure  7,  the  outer  ends  of  the  cylinder 
transition  to  rectangles.  The  rectangles  fill  the  entire  space 
available  for  the  SMAT  thruster. 

If  a  pure  cylindrical  tube  were  used  for  the  outer  stator 
housing,  its  thickness  would  be  0.25  inch  which  would  be  only 
marginally  stiff  enough  for  a  motor  this  size.  Instead,  a 
cylindrical  tube  with  an  outer  diameter  of  20  inches  contains  the 
stator  laminations.  Once  the  laminations  are  installed,  flats  on 
opposite  edges  of  the  tube  are  milled  so  that  the  maximum  width  is 
19.25  inches. 

During  manufacture  of  the  electrical  motor  it  is  necessary  to 
clamp  the  laminations  together.  To  accomplish  this  in  the  SMAT 
motor,  the  manufacturer  will  first  weld  a  transition  piece  to  the 
end  of  the  housing  cylinder.  Once  the  laminations  are  in  place,  a 
second  transition  piece,  welded  to  the  other  end  of  the  cylinder, 
will  clamp  them  in  place.  The  transition  pieces  are  1/2  inch 
plates  with  rectangular  outer  shape.  A  circle  is  removed  from  the 
center  of  the  plate,  and  the  circle  diameter  is  1/4  inch  less  than 
the  outer  diameter  of  the  core.  The  resultant  shoulder  clamps  the 
laminations. 

The  rectangular  housing  pieces  are  welded  to  the  transition 
pieces.  These  parts  of  the  housing  hold  the  ends  of  the  motor 
housing.  The  outer  shape  of  the  housing  ends  is  rectangular,  and 
the  inner  bore  is  circular.  The  inner  bore  of  this  piece  must  be 
concentric  with  the  inner  bore  of  the  stator  core  because  it 
positions  the  bearing  pieces. 

The  radial  bearing  supports  have  rectangular  outer  shape  and 
a  circular  ledge  on  the  inner  surface  which  fits  into  the  inner 
bore  of  the  housing  ends. 

The  bearings,  which  are  the  deflection  pad  type,  work  on  the 
principle  that  bearing  pressure  and  drag  will  cause  the  effective 
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Figure  6 


bearing  surface  to  deflect  in  such  a  way  as  to  create  a  fluid 
lubricating  wedge.  Figure  8  illustrates  schematically  the  general 
principal  of  the  bearing  being  deflected  by  a  drag  force.  A 
similar  design  uses  a  biased  support  system  so  that  one  side  of  the 
support  is  weaker  in  the  upstream  direction. 

Ocean  Systems  Research,  Inc  has  used  deflection  pad  bearings 
in  a  previous  project  and  they  have  worked  well.  See  reference  4 
for  further  discussion  of  the  deflection  pad  bearings. 

The  SMAT  motor  runs  totally  submerged  in  sea  water.  It  would 
be  possible  to  run  with  water  in  the  "air"  gap  between  rotor  and 
stator  cores.  Unfortunately,  this  would  cause  mechanical  losses  to 
increase  by  as  much  as  48  horse  power.  Using  the  techniques  of 
reference  5: 

Loss  =  0.078  •  TT  ■  •  w^-^^  •  r^-^^  •  m'^^  •  L 

_^3 - 

r  =  gap  radius 
p  =  density 
w  =  angular  velocity 
m  =  viscosity 
L  =  core  length 
C  =  gap  width 


Thus,  with  water  in  the  gap,  the  power  required  is  increased 
by  approximately  12%.  The  thruster  will  operate  under  these 
conditions,  but  the  efficiency  degradation  is  unacceptable.  To 
improve  efficiency,  we  have  incorporated  rotating  shaft  seals  to 
keep  water  out  of  the  gap  area.  Figure  9  shows  the  position  of  the 
BAL  seals  on  the  bore  of  the  motor  stator.  The  rubber  pieces  with 
garter  springs  are  in  the  bore  rather  than  on  the  sleeve  because 
the  large  diameter  and  high  speed  of  the  rotor  would  cause 
unacceptably  high  centrifugal  forces. 

The  gap  area  is  pressurized  with  air  at  10  psi.  The  air  is 
supplied  by  a  pressurized  bottle  located  external  to  the  thruster 
and  fed  to  the  gap  volume  through  drilled  passages  in  the  top  of 
the  housing  ends.  Similar  passages  at  the  bottom  of  the  piece 
allow  water  to  escape  and  indicate  to  the  operator  when  water  is 
present.  Theoretically,  there  should  be  no  need  for  air 
replenishment  because  the  seals  are  capable  of  zero  leakage.  The 
air  is  pressurized  so  that,  should  the  seal  leak,  the  air  will  leak 
out  rather  than  water  in. 

The  air  seals  and  their  supply  are  added  complexities  which  we 
would  prefer  to  avoid  except  for  their  improvement  in  efficiency. 
OSR  originally  proposed  using  ferrofluidic  seals  which  would  have 
had  no  drag  on  the  system.  The  company  which  supplies  that  type  of 
seal  studied  the  idea  and  concluded  that  their  seals  were  not 
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SMAT  HOUSING  CONCEPT 


Figure  7 
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appropriate  for  this  application.  The  slight  drag  of  the  BAL  seals 
is  minuscule  in  comparison  to  the  system  power  so  the  effect  on 
efficiency  is  small. 

In  case  of  failure  of  the  air  seals,  the  machine  electrical 
parts  must  be  sealed.  For  this  reason,  the  rotor  is  coated  with 
chlorinated  polyester  applied  in  a  fluidized  bed  process.  See 
Figure  10.  The  stator  is  protected  by  applying  a  thin  foil  of 
hastelloy  metal  which  is  backed  by  cloth  for  good  adhesion.  It  is 
epoxied  in  place  during  the  vacuum  polymer  injection  of  the 
windings.  The  windings  are  encapsulated  in  polyurethane  with  a 
filler  to  increase  its  heat  transfer  characteristics.  See  figure 
11. 


3.0  Machinery  Comparisons 

Figure  12  shows  the  SMAT  arrangement  together  with  that  of 
another  contractor.  Both  have  the  same  power  and  thrust,  and  both 
have  the  same  width  and  about  the  same  height.  Weights  of  each  are 
estimates  based  upon  the  dimensions  available.  The  SMAT  is  an 
obvious  improvement  in  length. 

TABLE  4 

Machine  Characteristics 


Length 

Width 

Height 

Weight 

Efficiency 


SMAT 

55  inches 
19.25  inches 
20  inches 
1925  lbs 
91.6% 


Other 

76.3  inches 
19.25  inches 
20.75  inches 
1990  lbs 
92%  (goal) 


The  other  electric  drive  used  a  high  speed  motor  with  a  speed 
reducing  gearbox.  Its  goal  for  efficiency  was  92%  including  all  of 
its  machinery  from  electrical  input  into  the  motor  through  the 
coupling  which  drives  the  impeller.  Since  it  was  necessary  to  add 
extra  cooling  and  since  the  motor  had  to  be  derated,  it  seems  safe 
to  say  that  the  system  did  not  attain  that  goal.  The  goal  is 
reasonable  for  comparison  purposes,  however,  because  it  includes 
the  same  machinery  as  the  SMAT  exclusive  of  the  hydraulic 
efficiencies  of  the  thruster  impeller  components. 

The  power  losses  in  the  SMAT  are  both  electrical  and 
mechanical.  They  are  listed  in  Table  5 
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Figure  9 


Figure  10 


Figure  11 


TABLE  5 

SMAT  POWER  LOSS 
(per  stage) 


ELECTRICAL 


Secondary  Copper 

-  1153  watts 

Primary  Copper 

-  2477  watts 

Core 

-  4082  watts 

Stray 

-  373  watts 

MECHANICAL 

Windage 

-  550  watts 

Radial  Bearings 

-  1714  watts 

Thrust  Bearings 

-  425  watts 

TOTAL 

-  10774 

EFFICIENCY 

-  92.7% 

Methods  for  calculating  electrical  losses  in  induction  motors 
are  well  established,  and  they  should  be  considered  reliable.  The 
loss  from  the  radial  deflection  pads  is  estimated  based  upon  an 
extrapolation  of  data  from  reference  6.  The  thrust  bearing  loss  is 
calculated  using  the  information  reported  in  reference  4.  It 
should  be  noted  that  the  core  losses  are  higher  than  would  normally 
be  expected  because  the  dimensional  restrictions  have  limited  the 
amount  of  back  iron  which  can  be  accommodated.  Also,  the  radial 
bearings  reported  in  reference  6  are  a  first  generation  design  and 
the  manufacturer  believes  that  improvements  to  efficiency  are 
likely  as  the  development  of  these  kinds  of  bearings  progresses. 

4.0  Technical  Risk 

The  OSR  Submersible  Motor  Amphibious  Thruster  is  based  upon 
some  technologies  which  have  not  been  used  extensively  and  are 
therefore  more  risky  than  those  which  are  more  mature.  The 
electrical  design  of  the  motor  is  an  example.  Although  the 
induction  motor  is  well  known,  the  configuration  of  this  motor  is 
new.  The  back  iron  in  the  core  of  this  motor  is  less  than  normal 
because  of  the  overall  diameter  limitations.  Also,  since  the  motor 
windings  are  encapsulated  in  plastic,  they  have  less  cooling  than 
other  motors  even  though  the  plastic  is  chosen  for  good  heat 
transfer.  These  differences  have  been  accounted  for  in  the  design. 
The  calculations  say  it  will  work.  But  there  are  some  things  about 
which  we  can  not  be  sure  until  we  try  them. 

OSR's  In-line  Submersible  Pump  is  being  tested  by  Navy 
personnel  at  David  Taylor  Research  Center  in  Annapolis,  MD.  The 
stator  sealing  system  for  this  pump  has  been  subjected  to  60  psi 
water  pressure  during  operation.  Unfortunately,  the  insulation 
resistance  of  the  motors  has  been  decreasing  indicating  that  the 
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Figure  12 


sealing  system  might  have  failed.  OSR  and  our  subcontractors  are 
investigating  the  problem  and  we  will  propose  a  solution.  The 
sealing  system  for  the  SMAT  could  have  the  same  problem  if  the 
identical  sealing  system  were  used  for  it.  In  this  case,  the  SMAT 
will  benefit  from  our  efforts  with  the  pump. 

The  shaft  seals  are  operating  at  high  speed.  Fortunately, 
they  are  under  a  relatively  low  pressure,  so  that  their  PV 
(pressure  times  velocity,  a  figure  of  performance  for  seals)  is 
still  relatively  low.  The  is  seal  in  the  bore  rather  than  on  the 
shaft,  which  helps,  but  this  will  be  the  highest  peripheral  speed 
to  which  these  seals  have  been  subjected,  according  to  the 
manufacturer.  The  penalty  for  slight  seal  leakage  is  high  air  use. 
The  penalty  for  large  seal  leakage  is  a  12%  reduction  in 
efficiency.  The  machine  will  operate  without  the  seals. 

All  of  the  risks  are  mitigated  by  the  fact  that  OSR  has  built 
a  similar  system  before,  by  the  simplicity  of  the  machine,  and  by 
the  conservative  approach  taken  by  the  designers. 


5.0  Summary 

Ocean  Systems  Research,  Inc.  has  completed  a  preliminary 
design  of  a  Submersible  Motor  Amphibious  Thruster.  We  have 
conducted  hydrodynamic,  electrical,  and  mechanical  studies  which 
have  shown  that  the  machine  as  designed  should  be  built.  This 
report  documents  the  design  and  points  out  the  benefits  to  be 
derived  from  the  SMAT  system. 

6.0  Conclusion 

Our  initial  studies  indicate  that  the  SMAT  is  feasible  and 
desirable.  Its  configuration  is  suited  to  the  Advanced  Amphibious 
Assault  Vehicle  and  it  is  a  good  way  to  incorporate  electric  drive 
into  that  vehicle.  The  SMAT  is  shorter  and  more  efficient  than  the 
alternative  electric  drive  system,  and  it  is  far  less  complicated. 
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Appendix  A 


1.  Hydrodynamic  Design 
Approach 

The  hydrodynamic  design  of  the  SMAT  pump  impellers  uses  the 
following  sequence: 


1.  Determine  required  mass  flow  and  exit  velocity  to  provide 
4000  pounds  of  thrust  using  the  available  400  horse 
power . 

2.  Knowing  the  mass  flow  and  exit  velocity,  determine  the 
area  of  the  exit  nozzle. 

3.  Determine  the  shape  of  the  hub. 

4.  Using  the  shape  of  the  hub  and  the  maximum  diameter  of 
the  jet  duct,  determine  the  mean  radius  of  the  thruster 
blades. 

5.  Using  the  mean  radius  and  thruster  RPM,  determine  the 
peripheral  speed  of  the  blade  at  the  mean  radius  Um. 

6.  Using  laws  of  conservation,  cross-sectional  area  of  duct, 
and  mass  flow,  determine  axial  velocity  VXm. 

7.  Use  velocity  diagrams  to  find  relative  velocities  in  and 
out  of  blade  rows. 

8.  Use  Eulers  equation  to  get  change  in  angular  fluid 
velocity  across  row. 

9.  Use  fluid  angles  from  velocity  diagrams  to  enter  carpet 
plots. 

10.  Select  mid  radius  blade  shapes. 

11.  Check  cavitation  index. 

12.  Use  free  vortex  design  rVg  =  rmVg^  to  repeat  for  more 
blade  sections. 

13.  Calculate  load  coefficient,  flow  coefficient  and 
reaction  for  comparison  to  other  designs. 
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Because  both  thrust  and  horsepower  are  specified,  we  can  solve 
two  equations  in  two  unknowns  to  find  both  exit  velocity  and  mass 
flow. 

Thrust  =  change  in  momentum  in  unit  time 

1.  T  =  p  •  Vj  •  Aj  (Vj  -  V)/gc 
p  =  density  Ibm/st^ 

Vj  =  jet  velocity  ft/sec 
V  =  vehicle  velocity  ft/sec 
Aj  =  area  of  nozzle 

Note  that  the  efficiency  of  the  jet  is  given  by: 

r)  =  2V 
Vj  +  V 

This  approaches  1  as  Vj  approaches  V.  But  also  note  that  thrust 
approaches  zero  at  the  same  time. 

Power  =  (Total  Pressure  Loss)  x  (Mass  Flow  Rate) 

2.  SHP  =  Hp  Q  pg/550r?  =  400 

SHP  =  shaft  horsepower 
Q  =  Volume  flow  rate  ftVsec 
g  =  32.2  ft/sec^ 

rj  =  pump  efficiency  (assume  rj  =  0.9) 

Hp  =  head  loss  ft 

Total  head  loss  =  Inlet  loss 

+  duct  loss 
+  nozzle  head  loss 

Ram  recovery  at  inlet 
=  Hi  +  Hd  +  Hn  -  RR 

Hi  =  Ki 

2g  A 

A  =  duct  area  =  wD^/^ 
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D  =  14.5  inch  =  1.21  ft 

Ki  =  0.05  for  a  rounded  inlet 

Hd  =  Kd 

2g  A 

Kd  =  fL/D 

f  =  friction  factor  =  0.005 

L  =  38  inches 

Kd  =  0.131 

Hn  =  Vi£  (1  +  Km) 

2g 

Km  =  1.063  (ref  B) 

Vj  =  q! 

Aj 

from  1  T  =  p  •  Vj  •  Aj (Vj  -  V)/gc  =  4000  Ibf 

V  +  Tac  =  O 

Qn  Aj 

Using  18  mph  for  speed  at  which  4000  Ibf  thrust  is  required,  V  = 
26.4  ft/sec. 

O  =  (  25.4  +  2012.5)^ 

Aj  1  Q  / 

Substituting  into  2 

SHP  =  I  .05  ^  .01310^ ^  1.063  .  f26.4)^  1  Odo 

\  2g  A^  2gA^  2  Aj^  2g  ;  550  gc 

=  .024Q2  ^  .5315  I  26.4  +  201.5  ^  j_  343.48  •  4x10'5q  =  400 

This  expression  must  be  solved  for  Q.  (We  solved  it  by  trial  and 
error  using  a  simple  computer  program. ) 

Q  =  57  ft/sec 
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Substitute  back  into  1  and  solve  for  Vj 
Vj  =  61., 7  ft/sec 

The  jet  nozzle  area  is  found  by  Q/Vj .  Given  that  the  thruster  duct 
is  a  constant  14.5  inches,  the  radius  of  the  hub  can  be  calculated: 

Aj  =  Q/Vj  =  .9238  ft^ 

=  IT  (R  -  r„)2 

r„  =  3.2  inches 

The  shape  of  the  hub  at  this  point  is  arbitrary  except  that 
its  radius  at  the  jet  exit  should  be  3.2  inches. 

In  order  to  reduce  the  chances  for  cavitation  at  the  leading  edge 
of  the  first  stage,  the  axial  velocity  there  should  be  as  low  as 
possible.  That  is,  the  unblocked  inlet  area  should  be  as  large  as 
possible.  Therefore  the  hub  radius  at  the  inlet  should  be  zero. 
One  of  the  advantages  of  the  rim  drive  impellers  is  that  the  root 
stresses  are  much  lower  than  they  are  with  cantilevered  blades,  and 
there  is  no  center  shaft;  so  the  hub  area  can  go  to  zero  at  the 
inlet. 

The  hub  profile  can  be  defined  in  any  numbered  of  ways.  The 
radius  can  increase  linearly  or  the  duct  area  can  decrease 
linearly.  One  good  way  to  define  the  hub  profile  is  to  note  that 
one  of  the  assumptions  made  for  radial  equilibrium  in  free  vortex 
design  (which  we  will  use  to  select  blade  shapes)  is  that  the 
radial  component  of  velocity  must  be  constant  with  radius.  By  also 
requiring  that  it  be  constant  along  the  axis,  a  contour  can  be 
established  as  follows: 


4 


For  continuity  of  flow  in  the  duct  as  the  hub  radius  increases  over 
the  length  dz,  the  contribution  to  flow  from  the  radial  component 
of  velocity  must  be  equal  to  the  increase  in  flow  in  the  axial 
direction: 


(Vx  +  dVx)  (7r(R2-r^) )  =  Vx(7r  (R^-r^) )  +  Vr  •  27rr  dz 

Where  Vr  •  27rr  dz  is  the  radial  component  of  velocity  times  the  hub 

surface  area  in  length  dz. 

dVx  =  2  •  r  •  Vr  dz 

- 


Vx  =  o  =  o 

A  'tt  (R2-r^) 


dVx  = 

dr  * 


2pr 

TT  (R^-r^) 


dr 


TT  Vr 


(R^-r^) 


dz  Q 

by  requiring  that  Vr  be  a  constant,  this  first  order  differential 
equation  can  be  solved  by  separation  of  variables  and  integration. 


5 


dz  =  O  (R^-r^)*’  dr 

JT  Vr 

z  =  O  f  1  dr 

IT  Vr  J  R^r^ 

z  =  _Q  .  _1_  Ln  j  R  +-  r)  +  C 

IT  Vr  2R  I  R  -  r; 

at  z=0,  r=0,  so  c=0 


Using  2100  rpifl  find  hub  diameter  such  that  =  0.8  U, 

rh  =  1.8”  (after  some  iterations) 

Urn  =  (1.8  +  7.25)/2  •  27r  •  2100  =  82.925 

60.12 


hub 


Vg^  =  180  •  32.2  •  550  =  10.54  (Euler's) 


82.925  ■  57 


64 


Vg2  =  7.25  +  1.8  •  10.54  =  26.496 
2  ■  1.8 


^hub  •  Jr  ■  2  ■  2100/60.12  =  32.987 

V  “  o-s 

So  the  hub  radius  at  the  first  stage  blade  exit  should  be  1.8” 
Use  velocity  diagrams  to  get  flowe  angles 

Bin  =  57.43 
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I 

I 

I 

I 


i* 


Select  the  0  camber  a  ~  1.5  blade  for  mid  radius 
At  the  tip 

rVg  =  rm 

Vg  =  7.25  1.8  ■  10.24/7.25 

2 

=  6.58  ft/sec 
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=  2  TT  ■  7.25  •  2100  =  132.86  ft/sec 

60.12 


Bin  =  68.53 


Bout  =  67.522 


Bin  -  Bout  =  1° 


Enter  Carpet  Plots 

a  .75  1.0  1.5 

e*  1.00  9  25 

on  the  1.5  a  plot  0'  camber  i*  =  5.8 


At  the  hub; 

Vq  =  7.25  +  1.8  •  10.54/1.8  =  26.50 
2 


U, 


hub 


=  27r 


1.8  •  2100  =  3300 

60.12 

Bin  =  32.28  Bout  =  tan''' 


=  52.035 


_ 33 _ 

52.25  -  26.5 


Bin  -  Bout  =  19.75 

for  a  =  1.5  €*  =  43.75  40°  camber 


What  U  gives  50°  inlet  angle? 

tan  50°  =  U  U  =  62.26 

52.25 

r  -  3.40 


2  •  TT  •  1  2100 

60.12 


at  r  =  3.40 

Vg  =  7.25  +  1.8  •  10.24/3.4  =  14.03 

2 
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I 


Uj ^  =  62.30 

Bin  =  50°  Bout  =  47.27 

Bin  -  Bout  -  2.73 
i*  =  3.7 
at  r  =  6" 

Vg  =  7.25  +  1.8  •  10.54/6  =  7.95 
2 

U  =  109.96 

Bin  =  64.58  Bout  =  62-88 

Bin  -  Bout  =  1.7° 
i*  =  7° 


Summary 


1 _ ^ _ 1 

1  n  1 

1  ^  1 

1  0 

• 

00 

3.7 

1.5 

40 

2  .4 

3.7 

1.5 

0 

4.525 

8 

1.5 

0 

o 

• 

VO 

7 

]  .  5 

0 

7.25 

CO 

• 

in 

1.5 

0 

Find  a  second  order  expression  which  describes  chordal  incidence  as 
as  function  of  inlet  angle 


.  * 

1  = 

aB^ 

+  bB  + 

c 

B 

i 

50 

3.7 

60 

8.2 

70 

5.5 

3.7 

=  a 

(50)2  + 

b 

(50) 

+ 

c 

8.2 

=  a 

(60)2  + 

b 

(60) 

+ 

c 

5.5 

=  a 

(70)2  + 

b 

(70) 

+ 

c 

i*  =  -.036  B^  +  4.41  B  -  126.8 
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Complete  hub  description 

Find  the  length  of  the  blade  at  r  =  1.8"  in  the  arial  direction 


c=  4.239 

Y=  blade  chord  angle  to  axial  direction 
=  Bin  -  i* 

=  32.2545  -  20  =  12.2545“  La  =  4.239  COS  (12.25°) 

=  4.14" 


for  z  =  0  at  the  beginning  of  the  hub  inlet 
z  =  4.18  @  r  =  1.8,  find  K  such  that 

z  =  k  Ln  I  R  +  rj 
1  R  -  rl 

4.14  =  K  Ln  I  7.25  +  1.8)  =  K  •  .50715 

\  7.25  -  1.8/ 

K  =  8.1633 

for  0-<Z'!4.14z  =  8.1633  £n|  7.2  5  +  rj 

I  7.25  -  rl 

Find  a  circular  arc  which  is  tangent  to  r  =  3.2  and  has  the  same 
slope  as  the  log  function  @  z=4.14  r=1.8 

K  =  _Q_  .  _L- 

nVr  2R 

dr  =  IT  Vr  (R^-r^) 

dz  Q 

=  1  (R^-r^) 

K  •  2R 

=  _ 1 _  (7.25^  -  1.8^) 

8.1633  •  2  •  7.25 

=  .4167 
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Let  R  =  radius  of  curviture  of  arc 


dy/dx  =  -X  =  .4167  @  X  =  -L 

V  2-x^ 


1  =  .4167 


r2  =  1}  +  (R-  1.4)2 


l2  =  .1736 

r2-l2 

l2  =  .1736  r2  -  .1736L2 

1.1736cL2  =  .1736  ^ 

l2  =  .148  2 

L  =  6.99” 


r2  =  .148  2  +  2-2.8  + 

0  =  .148  2  _  2.8  +  1.9c 

R=  28  ±  /2.82  -  1.16 
.296 

R=  18.19",  .728 


Design  the  second  stage  blades 
Assume : 

For  free  vortex  the  value  of  r  •  remains  a  constant 
second  stage 

But  Vx  increases  because  of  continuity  of  mass 

Vx  =  57  •  144  =  61.733  ft/sec 

n  (7.252  _  3  2Z) 

Ve,  =  47.7/r„ 
r  =  7.25  +  3.2  =  5.225 

in 

2 

Ve.  =  9-129 


1.96 


into  the 
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Um  =  2vrm  2100 
60.12 


95.753 


Um  +  =  104.88 

Bin  -  tan*’  104.88  =  59.52” 

61.733 

Bout  =  tan*’  Um/Vx  =  57.19° 

Go  to  carpet  plots 
Assume  5  blades 
s  =  2jrrm/5  =  6.57” 
t*  =  2.33  +32  (a  -  .75) 


1 — ^ — ! 

1 - ^ 

1 - ^ - 1 

1  0  1 

.75 

2.33 

6 

0 

1.0 

10.33 

5.5 

0 

1.5 

26.33 

7.8 

0 

Try  thicker  blades  first 

Pick  the  longer  blade  ie  a  =  1.5 

At  the  hub 

Bin  =  49.98  «  50  Bin  -  Bout  =  6.47 


1 - ^ 

1  i-  1 

1 

.75 

6.47 

5.5 

20 

1.0 

14.47 

5 

20 

1.5 

30.47 

7 

0 

again  pick  the  long  blade  at  the  tip 
Bin  =  67.05  Bin  -  Bout  =  .97 
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.75 

1.0 

1.5 


.97 

8.97 

24.97 


4.0 

4.5 

5.8 


0 


£ 

0 


Again  pick  the  longer  blade 

Find  a  quadratic  for  i*  vs  Bin 
i*  =  a  Bin^  +  b  Bin  +  c 


•  * 

1 

B 

7.8 

60 

7 

50 

5.8 

67 

a  = 

-.0215 

b  = 

2.447 

c  = 

61.538 

The  blade  shapes  are  those  described  by  the  tables  with  dimensions 
defined  by  this  drawing 


The  zero  camber  blades  are  symetrical  on  the  other  side 

The  only  exception  is  the  first  four  sections  in  the  first  stage 
which  do  not  have  zero  camber 
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Check  depression  factors,  total  pressure  loss  coefficient, 
cavitation  index 


First  Stage 


Bin  1 

rn 

1  ^  1 

1  ^  1 

1 - 

70 

7.25 

5.8 

.08 

. 04 (min) 

60 

VO 

• 

8.35 

.03 

. 028 (min) 

.05 

50 

Hi 

3.7 

.17 

. 029 (min= 
.025) 

1.6 

Second  Stage 


Bin  1 

1  ^  1 

1  ^  1 

1  ^  1 

1  «  1 

67 

7.25 

5.8737 

.09 

. 04 (min) 

60 

5.2 

7.95 

.  13 

. 028 (min) 

.5 

50 

3.2 

7.06 

.22 

. 04 (min  = 
.025) 

.85 
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J-  . 


R*I  8 

PRINT  USING  r  chord","  gamma","  ept","  mpt" 

RPM*2100 

T»2*3.14*R*RPM/720 
iF  R>7.25  THEN  R=7.25 
S=2*3.14*R/4 
C-1.5*S 

BETIN=ATN(U/52.25)*57.3 
VTHET.47.7/R 
3  UDIF=U-VTHET  . 

0  BETOUT-ATN(UDIF/52.25)*57.3 
3  A— .036 
3  B»4.4I 

D  ISTAR=(A*BETIN^2)-KB*BETIN)- 126.8 
0  GAMMA-BETIN-ISTAR 
0  IF  ISTAR<0  THEN  ISTAR=0 

1  EDGEPT=.001*C 

2  MIDPT=.05*C 

0  PRINT  USING  "####.####";R,C, GAMMA, EDGEPT.MIDPT.ISTAR 
0  IF  R*7.25  THEN  STOP 
0  R=R+.4 
0  GOTO  40 


JST  2RUN  3LOAD"  4SAVE"  5CONT  6,"LPT1  7TRON  8TROFF  9KEY 


0  IF  R=7.25  THEN  STOP 
''  R=R+.4 
GOTO  40 


RUN 


r 

chord 

gamma 

ept 

mpt 

1.8000 

4.2390 

54.2649 

0.0042 

0.2120 

0.0000 

2.2000 

5.1810 

49.4491 

0.0052 

0.2591 

0.0000 

2.6000 

6.1230 

46.9531 

0.0061 

0.3062 

0.0000 

3.0000 

7.0650 

46.0794 

0.0071 

0.3533 

0.3668 

3.4000 

8.0070 

46.3014 

0.0080 

0.4004 

3.7057 

3.8000 

8.9490 

47.2387 

0.0089 

0.4475 

5.8703 

4.2000 

9.8910 

48.6253 

0.0099 

0.4946 

7.1949 

4.6000 

10.8330 

50.2787 

0.0108 

0.5417 

7.9214 

5.0000 

11.7750 

52.0752 

0.0118 

0.5888 

8.2237 

5.4000 

12.7170 

53.9325 

0.0127 

0.6359 

8.2265 

5.8000 

13.6590 

55.7962 

0.0137 

0.6830 

8.0193 

6.2000 

14.6010 

57.6315 

0.0146 

0.7301 

7.6664 

6.6000 

15.5430 

59.4163 

0.0155 

0.7772 

7.2141 

7.0000 

16.4850 

61.1375 

0.0165 

0.8243 

6.6959 

7.2500 

17.0738 

62.7880 

0.0171 

0.8537 

6.1361 

eak  in  180 

JST  2RUN  3LOAD"  4SAVE"  5CONT  6,"LPT1  7TRON  8TROFF  9KEY 


OSCREEN 


OSCREEN 


N  tt 


chord","  gamma"," 


ept" 


10  R-3.2 

■s  PRINT  USING 
■0  RPM:=2100 
’  =2*3.14*R*RPM/720 

gU  xr  R>7.25  THEN  R-7.25 
■O  S=2*3.14*R/5 
60  C»1.5*S 

SVTHET=47.7/R 

BETIN=ATN((U+VTHET)/61.733)*57.3 
UDIF«U-VTHET 
100  BETOUT=ATN(U/61.733)*57.3 

110  A=-.0215 
20  B=2.447 

1 30  ISTAR=(A*BETIN^2)+<B*BETIN)-6 1 .538 

*40  DIFF-BETIN-BETOUT 
50  GAMMA-BETIN-ISTAR 
51  EDGEPT=.001*C 
^52  MIDPT».05*C 

■60  PRINT  USING  "####.####";R,C,GAMMA,EDGEPT,MIDPT 
■70  IF  R*7.25  THEN  STOP 
180  R=R+.4 
^0  GOTO  30 


mpt" 


I 


.LIST  2RUN  3LOAD"  4SAVE"  5CONT  6,"LPT1  7TRON  8TROFF  9KEY 


RUN 


I 

I 

I 

I 

I 


- 

chord 

gamma 

ept 

mpt 

2000 

6.0288 

42.9269 

0.0060 

0.3014 

3.6000 

6.7824 

44.4817 

0.0068 

0.3391 

4.0000 

7.5360 

46.1602 

0.0075 

0.3768 

4.4000 

8.2896 

47.9092 

0.0083 

0.4145 

4.8000 

9.0432 

49.6866 

0.0090 

0.4522 

5.2000 

9.7968 

51.4601 

0.0098 

0.4898 

5.6000 

10.5504 

53.2064 

0.0106 

0.5275 

6.0000 

11.3040 

54.9090 

0.0113 

0.5652 

6.4000 

12.0576 

56.5569 

0.0121 

0.6029 

6.8000 

12.8112 

58.1434 

0.0128 

0.6406 

7.2000 

13.5648 

59.6648 

0.0136 

0.6782 

7.2500 

13.6590 

61.1811 

0.0137 

0.6830 

teak  in  170 
k 


I 


I 

gLIST  2RUN  3LOAD"  4SAVE"  5CONT  6,"LPT1  7TRON  8TROFF  9KEY 


OSCREEN 


OSCREEN 


SMAT  PROPULSOR  DEVELOPMENT 


The  external  mounting  arrangement  of  the  SMAT  motors  provides 
an  ideal  platform  for  the  use  of  active  multistage  propulsors, 
since  the  rim-driven  characteristics  of  each  rotor  essentially 
eliminates  the  complicated  shafting  and  bearing  requirements 
usually  associated  with  contrarotating  configurations.  In  general, 
the  overall  performance  of  these  contrarotating  propulsors  is 
superior  to  that  of  equivalent  size  single  stage  designs  or  even 
rotor/stator  systems,  due  to  their  inherent  reductions  in 
individual  blade  loading,  and  their  ability  to  cancel  swirl  over  a 
large  portion  of  the  operating  range.  In  addition,  the  banded 
propellers  associated  with  this  rim-driven  arrangement  are  free 
from  the  blade  tip  gap  losses  associated  with  normal  propellers 
operating  within  a  duct. 

The  improved  performance  of  these  contrarotating  propulsors 
can  translate  to  either  a  reduction  in  installed  power  for  the  same 
ship  speed,  a  higher  ship  speed  for  the  same  installed  power,  or  a 
reduction  in  propulsor  size  for  the  same  installed  power  and  ship 
speed.  In  an  effort  to  quantify  these  performance  characteristics, 
a  preliminary  parametric  study  was  conducted  on  contrarotating 
propellers  designed  to  operate  within  a  cylindrical  duct.  For 
design  purposes,  the  following  performance  requirements  were 
defined: 


Vehicle  Speed  «  18  MPH 
Required  Thrust  =  4000  Ibs/unit 

At  these  conditions,  variations  in  thruster  performance  were 
determined  as  a  function  of  rotor  diameter,  shaft  RPM,  and  duct 
induced  velocity.  During  this  initial  study,  all  propulsor 
configurations  were  designed  with  an  equal  power  split  and  an  equal 
RPM  split  between  the  forward  and  aft  rotors. 

The  results  of  this  study  are  presented  in  Figures  1-3,  where 
the  total  required  power  for  each  unit  is  shown  as  a  function  of 
duct  inlet  velocity  ratio  (IVR) .  Figure  1  shows  the  performance 
characteristics  of  13.0  inch  diameter  propellers  operating  at  1700, 
2100,  and  2500  RPM  respectively.  The  variation  in  propeller 
performance  with  rotation  speed  involves  a  trade-off  between 
momentum  losses  and  blade  friction  losses.  Note  that  for  any  given 
mass  flow  (IVR) ,  Figure  l  shows  an  overall  increase  in  thruster 
performance  (i.e.  a  decrease  in  required  SHP)  with  decreasing  RPM, 
indicating  that  blade  efficiency  is  still  being  governed  most 
heavily  by  frictional  losses.  In  a  non-dimensional  sense,  system 
performance  is  increasing  with  increasing  propeller  advance 
coefficient  (J) ,  where: 


Va 

J  =  - 

n*D 

Va  =  Axial  velocity  at  the  propeller  plane  (ft/sec) 
n  =  Shaft  rotational  speed  (rev/sec) 

D  =  propeller  diameter  (ft) 


The  variation  in  thruster  performance  with  changes  in  mass 
flow  (IVR)  involves  a  trade-off  between  propeller  efficiency  and 
duct  drag.  A  duct  that  accelerates  the  inflow  into  the  propeller 


s 


will  also  produce  a  portion  of  the  total  fixed  system  thrust.  Both 
of  these  actions  tend  to  decrease  the  rotor's  momentum  losses  and 
increase  efficiency.  Unfortunately,  increasing  the  duct  internal 
velocity  also  increases  the  duct  frictional  drag,  so  that  system 
performance  eventually  begins  to  decrease  with  increasing  mass 
flow. 


Superimposed  on  Figure  1  are  lines  of  constant  t,  where  r  is 
defined  as  the  ratio  of  total  propeller  thrust  to  total  system 
thrust  (propellers  +  duct) : 

Rotor  Thrust 

r  =  - 

Rotor  +  Duct  Thrust 

Ducts  designed  for  large  values  of  t  (low  IVR) ,  will  actually 
decelerate  the  inflow  into  the  propeller,  and  generate  a 
significant  amount  of  drag.  This  situation  may  promote  better 
cavitation  performance,  but  only  at  the  expense  of  overall  system 
efficiency.  As  the  value  of  t  decreases,  the  ducts  begin  to  pick 
up  some  loading,  and  begin  to  accelerate  the  inflow  into  the 
rotors.  As  a  result,  propeller  efficiency  increases  not  only  from 
the  increased  mass  flow,  but  also  from  a  reduction  in  the  rotors' 
thrust  requirement.  When  t=1.0,  the  duct  is  generating  just  enough 
thrust  to  overcome  its  own  drag.  For  values  of  r  <  1.0,  the  duct 
is  providing  additional  flow  acceleration  and  is  generating  a 
larger  portion  of  the  total  thrust.  Propeller  efficiency  continues 
to  increase  with  increasing  mass  flow,  but  eventually  the  duct 
viscous  losses  penalize  the  overall  system  efficiency.  The  duct 
thrust  requirements  at  the  higher  mass  flows  may  also  impose  a 
limit  on  the  minimum  allowable  value  of  t,  such  that  the  duct  lift 
coefficients  (CL)  remain  low  enough  to  avoid  flow  separation. 

Figures  2  and  3  show  the  parametric  results  for  various  14.5 
inch  and  16.0  inch  diameter  rotors.  Again,  for  any  given  IVR,  the 
thruster  efficiencies  increase  with  decreasing  RPM.  The  trends 
associated  with  changes  in  mass  flow  are  also  similar  to  those 
noted  in  Figure  1.  A  summary  of  the  optimum  thruster  efficiency 
is  shown  in  Figure  4 ,  where  minimum  power  requirements  are  shown  as 
a  function  of  propeller  diameter  for  the  three  RPMs  considered.  As 
expected,  thruster  efficiency  increases  with  increasing  propeller 
diameter  and  decreasing  shaft  RPM.  Unfortunately,  these  trends  are 
usually  opposite  to  those  associated  with  the  motor  selection, 
which  would  tend  to  optimize  its  performance  at  the  smallest 
diameter  propellers  and  the  highest  RPMs. 

At  the  onset  of  these  parametric  studies,  it  was  recognized 
that  the  presence  of  significant  cavitation  at  the  propeller  design 
point  could  heavily  influence  the  performance  characteristics  of 
these  thrusters.  In  an  effort  to  optimize  performance  under 
cavitating  conditions,  the  blade  area  for  each  rotor  considered  in 
this  study  was  selected  to  maximize  the  section  lift-drag  ratios. 
This  optimization  involved  a  trade-off  between  blade  frictional 
drag  and  section  cavity  drag.  While  blades  with  large  area  ratios 
showed  a  reduction  in  section  lift  coefficients  (CL) ,  and  a 
corresponding  reduction  in  cavity  drag,  they  suffered  from 
significant  increases  in  frictional  drag.  On  the  other  hand, 
blades  with  low  EAR'S  showed  a  reduction  in  frictional  drag,  but 
yielded  higher  section  CL's  and  higher  cavity  drags.  For  the  high 
blade  loading  associated  with  the  design  point  operating 


conditions,  the  propellers  appeared  to  yield  their  maximum 
performance  at  expanded  area  ratios  of  approximately  0.90. 

By  accepting  the  presence  of  cavitation  at  the  propeller 
design  point,  individual  blade  sections  can  be  designed  to  operate 
more  efficiently  at  these  conditions.  While  normal,  fully  wetted 
section  shapes  tend  to  suffer  from  thrust  breakdown  when  subjected 
to  increasing  amounts  of  blade  surface  cavitation,  transcavitating 
and/or  supercavitating  sections  continue  to  generate  lift  even  when 
their  upper  surfaces  are  entirely  engulfed  within  a  cavity. 
Although  the  required  section  shapes  necessary  to  achieve 
reasonable  performance  under  heavy  cavitation  often  yield  large 
frictional  losses  when  operating  fully  wetted,  their  ability  to 
sustain  thrust  under  cavitating  conditions  results  in  a  marked 
improvement  in  overall  system  performance. 

Preliminary  results  from  the  motor  development  analyses 
indicate  that  the  maximum  propeller  diameter  for  the  present  design 
is  limited  to  14.25  inches,  and  the  minimum  allowable  propeller 
rotative  speed  is  2100  RPM.  Based  on  the  parametric  results 
presented  in  Figures  1-4,  the  optimum  IVR  (mass  flow)  for  this 
configuration  is  approximately  1.86,  with  a  corresponding  t  of 
0.96.  Thus,  the  optimum  duct  should  be  slightly  accelerating  in 
nature. 

In  an  attempt  to  quantify  the  propulsor  performance,  a  set  of 
contrarotating  propellers  was  developed  for  the  above  design  point 
conditions.  At  this  preliminary  stage,  it  was  assumed  that  the 
inflow  into  the  propulsion  unit  was  uniform,  and  that  the  unit 
itself  was  not  operating  at  an  angle  of  attack  to  the  flow.  In  the 
future,  a  more  detailed  wake  survey  near  the  entrance  to  the 
thruster  may  reveal  a  significant  wake  deficit  and/or  sheared 
profile  due  to  the  vehicle  hull  and  related  boundary  layer. 

The  major  propeller  design  parameters  (Diameter,  RPM,  and  EAR) 
have  already  been  selected  from  the  motor  parametric  studies  and 
blade  surface  cavitation  criteria.  The  secondary  design  parameters 
(blade  number,  planform  shape,  radial  load  distribution,  etc.)  have 
only  a  minor  effect  on  the  hydrodynamic  performance  of  the  system, 
but  may  effect  the  acoustic  and  vibratory  modes.  Unfortunately, 
the  optimization  of  these  secondary  parameters  usually  requires  a 
detailed  knowledge  of  the  flow  in  the  vicinity  of  each  rotor. 
Since  this  information  is  not  presently  known,  typical  values  for 
these  parameters  have  been  selected  for  this  preliminary  design. 

Seven  blades  were  selected  for  the  forward  propeller,  and  9 
blades  for  the  aft  rotor.  This  pairing  of  blade  number  should  help 
minimize  the  noise  and  vibratory  response  to  unsteady  forces 
generated  by  the  propellers.  Each  propeller  was  designed  with  a 
rectangular  planform  shape  (constant  section  chord  length) ,  and 
with  the  radial  load  distributions  shown  in  Figure  5a.  Note  that 
these  banded  propellers  can  carry  finite  loading  all  the  way  to  the 
blade  tips.  The  resulting  pitch-diameter  ratios  for  the  two 
propellers  are  presented  in  Figure  5b.  Although  a  nominal  amount 
of  blade  skew  was  incorporated  into  each  propeller,  the  rake  due  to 
skew  was  removed  such  that  zero  total  rake  was  achieved  for  both 
designs. 

Because  the  propeller  blades  associated  with  any  of  these  rim- 
driven  configurations  are  supported  at  both  the  root  and  tip,  the 


overall  blade  spanwise  bending  stresses  are  reduced  in  comparison 
to  normal,  non-banded  propellers.  As  such,  these  rotors  may  be 
attractive  candidates  for  composite  material  construction,  thereby 
reducing  machinery  weight.  For  the  present  study,  the  blade 
thickness  requirements  for  these  designs  were  estimated  from 
curved-beam  theory,  assuming  that  the  propellers  would  be 
constructed  from  a  typical  production  material  such  as  aluminum  or 
bronze.  The  recommended  thickness-chord  ratios  for  the  forward  and 
aft  propellers  are  shown  in  Figure  6.  If  composite  materials  are 
considered  for  future  manufacturing,  then  the  blade  thickness 
requirements  should  be  re-evaluated.  In  any  event,  a  finite 
element  stress  analysis  should  be  conducted  on  the  final  designs. 

The  geometric  and  hydrodynamic  characteristics  of  the  forward 
propeller  are  presented  in  Table  1,  and  the  projected  and  side 
views  of  the  design  are  shown  in  Figures  7  and  8  respectively. 
Table  2  shows  the  principal  characteristics  of  the  aft  propeller, 
while  the  planform  views  are  presented  in  Figures  9  and  10.  Note 
that  the  aft  propeller  must  develop  more  thrust  than  the  forward 
propeller  in  order  to  attain  an  equal  power  split  between  the  two 
rotors,  thus  assuring  nominal  swirl  cancellation.  The  total  system 
thrust  produced  by  the  unit  is  4000  lbs,  with  the  propellers 
accounting  for  3840.3  lbs,  and  the  duct  contributing  only  159.7  lbs 
of  thrust. 

Typical  transcavitating  blade  section  shapes  assumed  for  the 
propeller  designs  are  shown  in  Figure  11,  superimposed  on  the 
expanded  outline  of  the  blade.  Note  that  the  trailing  edge  camber 
incorporated  into  these  section  shapes  results  in  improved 
perfomnance  under  cavitating  conditions,  but  that  the  blunt 
trailing  edges  will  contribute  additional  drag  at  low  speeds  (fully 
wetted  conditions) .  During  this  study,  every  attempt  was  made  to 
account  for  the  effects  of  these  transcavitating  sections  on 
overall  performance  (including  the  production  of  cavity  drag) ,  such 
that  the  estimates  provided  in  Tables  1  and  2  should  be  very 
realistic. 

A  schematic  view  of  the  propellers  situated  within  the 
thruster  unit  is  shown  in  Figure  12.  For  t  =  0.96,  the  cylindrical 
duct  will  accelerate  the  inflow  into  the  propeller,  and  its  leading 
edge  shape  must  be  designed  for  shock  free  entry.  Similarly,  the 
duct  trailing  edge  must  diverge  at  a  shallow  enough  angle  to 
prevent  flow  separation.  While  the  duct  edge  shapes  shown  in 
Figure  12  are  representative  of  actual  geometry,  more  definitive 
flow  panelization  codes  (based  on  detailed  wake  survey  data)  should 
be  run  to  determine  the  final  duct  profile. 


TABLE  1 


SMAT  FORWARD  PROPELLER  CHARACTERISTICS 


Diameter 
No.  Blades 
Expanded  Area  Ratio 
Hub-Diameter  Ratio 
Rotation 

Vehicle  Speed 
Rotative  Speed 

Thrust 

Torque 

Power 


14.25  inches 
7 

0.90 

0.20 

Right  Hand 

18.0  MPH 
2100  RPM 

1796.6  lbs 
500.2  ft-lbs 
200.0  SHP 


TABLE  2 


SMAT  AFT  PROPELLER  CHARACTERISTICS 


Diameter 
No.  Blades 
Expanded  Area  Ratio 
Hub-Diameter  Ratio 
Rotation 


14.25  inches 
9 

0.90 

0.20 

Lett  Hand 


Vehicle  Speed 
Rotative  Speed 

Thrust 

Torque 

Power 


18.0  MPH 
2100  RPII 

2043.7  lbs 
500.2  ft-lbs 
200.0  SHP 
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REQUIRED  POWER  vs  DUCT  INLET  VELOCITY  RATIO  (IVR) 
FOR  14.5  INCH  DIAMETER  PROPELLERS 
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^(€a.  4  FIG.  4  MINIMUM  POWER  REQUIREMENTS  vs  ROTOR  DIAMETER 


FIG.  5  BLADE  LOADING  AND  PITCH  DISTRIBUTIONS  vs  PROPELLER  RADIUS 


FIG.  7  PROJECTED  VIEW  OF  FORWARD  PROPELLER 


FIG.  8  SIDE  VIEW  OF  FORWARD  PROPELLER 
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FIG.  9  PRCXTECTED  VIEW  OF  AFT  PROPELLER 


5555  Vantage  Point  Road 
Columbia,  Maryland  21044 
17  April  1991 


Ocean  Systems  Research 

580  Bellerive  Drive,  Suite  5C 

Annapolis,  MD  21401 

Attention;  Mr.  James  W.  White 

Dear  Jim, 

As  I  mentioned  to  you  on  the  telephone,  I  have  amended  the 
parametric  study  figures  to  reflect  "pump"  tenminology.  Basically, 
my  IVR  parameter  is  defined  as;  IVR  =  Va/Vo 

where  Va  =  Velocity  at  the  propeller  plane 

=  Q/Ap 

Vo  =  Free  stream  velocity 
Q  =  Flow  rate 

=  m//> 

Ap  =  Propeller  disk  area 
m  =  Mass  rate 
p  =  Fluid  density 

As  a  result,  my  definition  of  liTl  =  m/(p*Ap*Vo)  =  Cm,  which  is  the 
mass  flow  coefficient.  Unfortunately,  "pump"  notation  gives  the 
following  definition  for  IVR; 

IVR  =  Vi/Vo 

where  Vi  =  Velocity  at  duct  entry 

Therefore,  to  be  consistent  with  "pump"  notation,  I  have  changed 
the  "IVR"  to  "Cm"  on  each  graph.  In  addition,  this  same  quantity 
(Cm)  can  be  equated  to  the  jet  velocity  ratio  (JVR)  by  the 
following  relationship; 

JVR  =  1  +  CT/(2*Cm) 

where  CT  =  Thrust  coefficient 

=  Thrust/ {^p*Vo^ *Ap) 

I  enclose  the  same  figures  based  on  "JVR"  instead  of  "IVR". 

Because  the  thruster  unit  can  no  longer  be  considered  as  an 
isolated  duct,  the  geometry  of  the  diffuser  will  have  to  become 
more  "pump-like",  resulting  in  a  smaller  exit  area  than  originally 
designed.  I  have  included  a  schematic  of  the  thruster  showing  this 
modified  exit,  but  stress  to  point  out  that  the  propellers  will  now 
have  to  develop  additional  thrust  (at  reduced  efficiency)  to 
compensate  for  this  new  configuration. 


Sincerely, 


40.00  L.&S 
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FIG.  2  REQUIRED  POWER  vs  DUCT  vJfeT"  VELOCITY  RATIO 
FOR  14.5  INCH  DIAMETER  PROPELLERS 


Appendix  C 


SCOPE: 

The  work  effort  specified  the  following; 

a)  Determine  the  motor  characteristics  which  allow  for  the  largest  possible  stator  lamination 
inside  diameter  (SID).  Choose  the  optimum  number  of  poles  (p)  and  input  frequency  (f)  by  running 
various  motor  electrical  designs  [electrical  specification  sheets  termed  (ES)]. 

b)  Provide  estimated  motor  characteristics  [(ES)  sheets  display  such  information] 

c)  Provide  a  discussion  (this  report)  of  ED  findings  including  any  necessary  rationale. 
Provide  verbal  assistance  as  necessary  to  OSR  etc. 

BOUNDARY  CONDmONS: 

OCR  provided  ED  with  preliminary  information  (both  written  and  verbal)  of  system  and 
parameter  boundaries.  Other  sub-contractors  worked  with  OCR  to  define  optimum  propeller 
characteristics  etc.  The  sum  of  the  preliminary  information  provided  to  ED  and  which  was  used  as 
boundary  conditions  is  as  follows: 

a)  The  motor  outside  diameter  should  be  tried  to  be  maintained  at  a  maximum  of  19.25"  [this 
was  taken  to  mean  the  frame  outside  diameter  (FOD)  and  not  the  stator  lamination  outside  diameter 
(SOD)]. 

b)  The  power  supply  frequency  is  capable  of  a  range  between  150  hertz  (hz)  minimum  to  450 
(hz)  maximum. 

c)  The  general  synchronous  speed  (Ng)  range  of  the  motor  should  be  between  1700  to  2500. 
Subsequently,  verbal  communication  suggested  that  a  motor  speed  of  2100  (rpm)  appeared  to  be 
optimum  from  propeller  design  and  performance  aspects. 

d)  The  motor  rotor  lamination  inside  diameter  (RID)  was  to  be  as  large  as  possible.  Funher, 
preliminary  information  provided  indicated  that  the  propeller  outside  diameter  appeared  to  be 
optimum  at  about  14.5".  Based  on  this  input,  ED  set  the  motor  rotor  lamination  inside  diameter  at 
15.0". 

e)  Each  motor  rated  horsepower  (hp)  was  to  be  200. 

f)  The  operational  time  of  the  motor  was  not  initially  denned.  Subsequently,  ED  was  given  a 
rime  of  30  minutes.  The  operational  duty  time  is  critical  information  for  ih?  losses  in  the  motor  and 
resulting  temperature  rise  are  limiting  conditions. 

g)  The  power  supply  "quality"  was  not  defrned.  ED  assumed  that  the  supply  waveform  was 
sinusoidal  at  any  frequency  in  the  range  specified.  It  was  also  assumed  that  individual  harmonic 
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levels  were  that  of  conventional  power  supplies  aboard  surface  or  underwater  vessels  (or  of  such  a 
magnitude  that  additional  motor  heating  associated  with  high  input  harmonic  levels  are  not  present). 

h)  The  motor  "ventilation"  was  semi-defined.  Seawater  was  delineated  to  be  in  contact  with 
pans  of  the  motor  exterior  (such  as  the  motor  frame).  No  internal  motor  parts  are  exposed  to 
seawater.  The  motor  interior  was  assumed  to  be  "dead  air".  There  is  the  possibility  that  the  motor 
interior  would  be  filled  with  oil.  This  could  help  motor  cooling  by  improved  heat  transfer  of 
associated  losses.  For  purposes  of  this  analysis,  we  assumed  that  the  motor  interior  was  "dead  air". 
In  essence,  the  ventilation  was  considered  to  be  similar  to  that  of  a  conventional  totally  enclosed, 
non-ventilated  machine  (or  TENV)  with  the  difference  being  water  contact  on  the  machine's 
exterior  surfaces  vs  that  of  ambient  air. 

i)  The  intended  application  is  of  a  nature  that  the  motor  design  does  not  have  to  consider  any 
considerations  as  to  airborne  (A/B)  and  structurebome  (S/B)  noise  levels.  Therefore,  no  inherent 
low  noise  design  features  are  incorporated. 

j)  ED’s  effon  is  connected  solely  with  that  of  a  "partial"  motor.  That  is,  bearings  and 
propeller  considerations  are  not  the  responsibility  of  ED.  It  is  understood  that  in  either  future  study 
expansions  or  when  possibly  producing  prototype  hardware,  that  ED  would  necessarily  have  to 
interface  etc  with  OCR  and  OCR's  bearing  and  propeller  sub-contractors. 

RESULTING  TYPE  OF  MOTOR  DESIGN  APPROACH: 

From  some  of  the  boundary  conditions  imposed,  the  design  of  the  motor  would  seem  to 
warrant  a  "pancake"  approach  (short  length,  big  diameter)  when  viewed  from  a  (SrD)/(RlD) 
perspective.  On  the  other  hand,  the  unusually  small  radial  height  of  the  stator  lamination  [or  a 
(SOD/(SID)  view]  would  seem  to  require  a  design  more  of  the  "hot-dog"  variety  (increased  length). 
In  actually,  the  design  might  have  to  be  adaptable  to  both  features;  length  for  the  small  lamination 
radial  height  and  large  (SID)  to  incorporate  the  propeller  diameter. 

In  general,  motor  designs  of  a  large  diameter  and  short  core  length  are  more  conducive  to 
better  overall  machine  performance  versus  those  of  a  small  diameter,  long  core  variety.  The  reason 
for  this  is  that  motor  output  is  a  function  of  the  diameter  squared  and  length  (active  core)  to  the  first 
power  (or  D^L).  The  preliminary  designs  run  are  somewhere  in  between  for  the  reasons 
mentioned. 

GENERAL  APPROACH: 

Based  on  a  conventional  supply  frequency  of  60  (hz)  and  assuming  a  machine  of  2  poles,  a 
squirrel  cage  induction  (SCI)  motor  would  have  a  synchronous  speed  of  36(X)  as  given  by  the 
following  equation. 
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(1-1)  Ns  =  (120)(0/(p) 


For  purposes  of  this  discussion  and  illustration,  assume  that  these  parameters  have  defined  a 
"base  line  machine".  Now  let's  consider  what  increasing  supply  frequency  does  as  we  keep  the 
number  of  poles  (and  all  other  constraints)  fixed. 

Increasing  SuddIv  Frequency  With  Poles  Fixed: 

As  the  supply  frequency  is  increased  above  60  hz  and  keeping  the  motor  poles  as  2  or  fixed, 
the  motor  synchronous  speed  will  rise  in  proportion  to  the  frequency  as  given  by  (1-1). 

There  are  two  normal  limitations  of  increasing  supply  frequency  with  fixed  poles.  These  are: 

a)  The  mechanical  integrity  of  the  rotating  motor  assembly  as  the  speed  is  increased  (note: 
this  is  not  a  factor  for  this  application) 

b)  How  much  the  input  frequency  can  be  raised  before  lamination  "core"  loss  becomes  so 
dominant  as  to  restrict  the  magnitude  of  this  variable.  Prior  experience  with  400  (hz)  motors 
indicates  that  this  also  is  not  a  prime  consideration  in  going  from  60  to  400  (hz). 

Therefore,  for  the  subject  application,  the  higher  the  input  frequency  within  the  given 
boundary  range,  the  greater  should  be  the  machine  output  and/or  the  more  accommodating  to  a 
smaller  size. 

A  second  consideration  also  adds  to  the  benefit  of  increasing  the  supply  frequency.  As  (0  is 
increased  for  a  fixed  horsepower  and  number  of  poles  (with  the  winding  pitch  and  distribution 
factors  remaining  about  the  same),  the  number  of  "effective  turns"  of  the  stator  winding  can  be 
reduced  as  seen  fiom  the  equation  below: 

(1-2)  Total  machine  flux  (0)  =  (V)  (k)  /  [(0  (Nj)] 

In  the  above,  (<J>)  is  the  machine  flux,  (f)  the  supply  frequency,  (Nj)  the  stator  winding 
effective  turns,  (V)  the  per  phase  line  voltage  and  (k)  a  constant. 

To  keep  the  machine  flux  about  the  same,  a  designer  would  normally  decrease  (Nj)  in 
proportion  to  the  increase  in  (f).  Decreasing  (Ni)  or  effective  turns  allows  for  more  copper  to  be 
placed  in  a  given  stator  slot  More  stator  per  turn  copper  [for  similar  (hp)  or  ampere  draw]  leads  to 
less  stator  copper  loss  and  temperature  rise  and  thus  the  machine  output  tends  to  be  greater  (or  the 
machine  size  can  be  reduced  for  the  same  output). 

Thus,  increasing  the  supply  frequency  supports  greater  machine  output  (or  reduced  size) 
from  two  aspects.  Now  we'll  examine  the  effect  of  increasing  a  machine's  number  of  poles. 
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With  the  supply  frequency  fixed,  increasing  poles  reduces  the  (SCI)  motor  synchronous 
speed  (Ng)  and  normally  lowers  the  output  and/or  increases  the  machine  size  (if  only  based  on 
rotational  speed  ventilation  considerations).  The  primary  reason  for  this  is  that  for  a  given  enclosure 
or  ventilation  system,  motor  output  is  a  function  of; 

(1-3)  Motor  HP  =  (D)2  (L)  (Ng)  (Bg)  (EL)  (K) 

where: 

D  =  motor  (SOD) 

L  =  motor  active  core  length 
Ng  =  synchronous  speed 
Bg  =  air  gap  flux  density 

EL  =  the  machine's  electric  loading  (for  example,  the  amps  per  inch  squared  or  the 
current  density  in  the  stator  conductors) 

(K)  =  a  variable  dependent  on  machine  insulation,  ventilation  design  and 
capability  etc 

Since  (Ng)  will  be  lower  for  a  fixed  frequency  as  the  poles  increase,  larger  poles  generally 
dictate  a  machine  with  a  reduced  output  or  of  increased  size  and  weight  for  a  fixed  output. 

Thus,  increasing  both  poles  and  supply  frequency  tend  to  be  opposite  forces  which  "push" 
the  machine  design  and  capability  in  divergent  directions  [the  latter  (f)  reducing  size  and  weight  and 
the  former  (p)  increasing  these]. 


By  using  equation  (1-1),  boundary  conditions  (b)  and  (c)  give  the  following  range  of 
potential  motor  poles: 


(a)  For  a  speed  in  the  vicinity  of  1700  (rpm)  at  the  minimum  and  maximum  input 
frequencies: 


ID 

iQl 

1800 

150 

10 

1800 

450 

30 
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(b)  For  a  speed  toward  the  high  range  end: 


ik 

m 

ua 

2250 

150 

8 

2454.+ 

450 

22 

Therefore,  for  a  frequency  range  of  150  to  400  (hz)  and  a  speed  within  1700  to  2500  (rpm), 
the  possible  number  of  poles  is  8  minimum  and  30  maximum. 

With  the  further  guideline  that  (N^)  should  be  set  at  about  2100  (ipm),  the  poles  that  could  be 
employed  are  as  follows: 


Ifil 

m 

8 

150 

2250  (too  far  away  from  2100) 

10 

180 

2160 

12 

14 

250 

2142.8+ 

16 

18 

321 

2140 

22 

392 

2138.+ 

24 

430 

2150 

In  order  to  get  an  idea  of  the  potential  optimum  ffequency/pole  combination,  rough  electrical 
designs  were  run  at  pole  numbers  of  8,  10, 14, 18,  and  22  with  the  supply  frequency  set  to  give  a 
(Ng)  in  the  vicinity  of  2100  (rpm).  Since  with  8  poles,  the  supply  frequency  at  its  minimum  range 
yields  a  speed  of  2250  (srpm),  only  one  pass  was  made.  The  one  design  made  at  8  poles  gave  very 
pessimistic  results  and  therefore  no  other  runs  were  made  at  this  number  of  poles. 

DESIGN  HESl  APPROACH: 

A  series  of  rough  designs  were  run  at  pole  values  of  10,  14,  18  and  22.  Supply  frequency 
was  adjusted  to  give  a  synchronous  speed  slightly  above  the  desired  operating  speed  of  2100 
(rpm). 

Some  up-front  aspects  considered  were  as  follows: 

a)  Normally,  high  pole  machines  are  more  adaptable  to  very  small  lamination  radial  depth 
(both  stator  and  rotor).  For  a  given  mechanical  envelope  [such  as  a  frame  size  with  a  fixed  (SOD)], 
the  machine  rotating  diameter  (ROD)  will  usually  become  larger  with  increasing  poles.  This  comes 
about  for  several  reasons  among  which  are: 
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1)  Ventilation  (larger  rotating  diameter) 

2)  Lower  air  gap  flux  density 

3)  Less  stator  bacldron  is  inherently  required  to  support  the  stator  core  flux  density 

4)  In  general,  improved  machine  electrical  performance 

Thus,  higher  pole  machines  lend  themselves  better  to  the  boundaries  given. 

b)  In  the  absence  of  noise  design  considerations,  the  tendency  would  be  to  push  the  air  gap 
flux  density  very  high  (up  to  60  to  65  kilolines/inch^)  and  thus  get  "more  output"  (by  lowering 
turns  for  the  "push"  and  thus  allowing  more  copper  per  turn).  However,  high  pole  machine  power 
factor  (and/or  efficiency)  tend  to  decrease  markedly  with  increasing  gap  density  resulting  in 
increased  full  load  current,  stator  winding  copper  loss,  etc.  And  the  small  lamination  radial  height 
precludes  using  a  "deeper"  stator  slot  to  negate  this.  Thus,  the  gap  density  cannot  be  optimized  (or 
made  as  large  as  would  be  desirable). 

c)  High  pole  machines  (as  opposed  to  2  or  4  pole  units)  are  very  sensitive  to  air  gap  radial 
magnitude.  Similar  to  high  gap  density  levels,  the  air  gap  radial  length  can  play  a  large  role  in 
determining  the  machine's  full  load  current.  Air  gap  length  and  air  gap  flux  density  are  :he  iwo 
dominant  I'actors  that  determine  the  amount  of  magnetizing  current  required  (normally  veiy  close  to 
the  so  called  motor  no  load  current).  Increased  magnetizing  current  decreases  full  load  pow  er  factor 
and  the  progression  of  more  full  load  current,  losses  etc  results. 

Thus,  although  more  poles  is  conducive  to  the  thin  radial  lamination  necessitated  by  the 
boundary  conditions,  air  gap  density  would  probably  have  to  be  lower  than  desired  and  the 
machine  air  gap  made  as  small  as  mechanically  possible  to  control  the  magnetizing  current  and  the 
influence  of  this  component  on  the  full  load  ampere  draw. 

A  further  outcome  expected  from  these  two  factors  is  that  the  machine  design  would  tend  to 
be  "magnetically"  weak.  This  means  that  starting  torque,  for  example,  would  tend  to  be  lower  than 
that  normally  expected. 


mm  i  1 01  w  3CW  M  w  0 


A  series  of  potential  10  pole  designs  were  the  first  concentrated  runs  made.  As  with  ail  other 
preliminary  designs  that  followed,  the  following  was  assumed: 


SOD 

19.00 

SID 

16.75' 

RID 

15.00 
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Air  gap,  acrivc  core  length,  and  air  gap  flux  density  (Bg)  were  varied.  Designs  arc  shown  in 
Appendix  A.  Some  "key"  values  evaluated  are: 

Air  gap  per  side  g 

Air  gap  flux  density  Bg 

Net  core  length  L 

Avg.  stator  teeth  density  B^j 

Avg,  Stator  c''Te  >.nsity  B^g 

S  tator  copper  loss  I  j  ^  (kilowatts) 

Starting  torque 
Maximum  torque  Tp^ 

Full  load  power  factor  PF 
Full  load  efficiency  EFF 
Stator  winding  weight  Wt 

Subsequently,  designs  were  run  at  14,  18,  and  22  poles  with  the  air  gap  initially  set  as 
.060".  A  comparison  of  the  results  are  indicated  in  the  following  tabulation; 


poles 

# 

g 

in 

®ts 

kl/in^  kl/in^ 

®cs 

kl/in^ 

L 

in 

Ts/Tpo 
per  unit 

kw 

PF/EFF 

lbs 

Qi 

10 

.060 

28.1 

115.5 

108.7 

12.5 

.48  /  2.70 

3.90 

.8677.954 

63.2 

90 

14 

.060 

35.6 

122.5 

98.5 

12.0 

.38  /  2.88 

3  43 

.7457.960 

52.1 

84 

18 

.060 

35.6 

114.5 

109.9 

12.0 

.31  /  2.74 

3.23 

.6267.963 

62.3 

108 

22 

.060 

35.7 

114.2 

109.8 

12.0 

.30  /  2.06 

3.65 

.5567.956 

36.7 

132 

Although  none  of  the  designs  run  were  "finalized”,  the  tabulated  data  enables  one  to 
determine  a  trend.  The  observations  are; 

a)  In  spite  of  the  air  gap  being  maintained  at  the  same  value  as  poles  were  increased,  stator 
copper  loss  was  the  lowest  at  18  poles. 

b)  Full  load  power  factor,  as  would  be  expected,  decreased  with  increasing  poles.  This 
raised  the  current  and  made  the  stator  copper  loss  higher  than  it  v/ould  be  if  the  air  gap  had  been 
adjusted  for  different  pole  numbers. 

c)  Starting  torque  (in  per  unit  of  full  load  torque)  did  not  vary  appreciably  between  14,  18, 
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and  22  poles  and  is  very  low  in  general. 

d)  Usually,  the  stator  slot  number  goes  up  as  the  poles  increase  to  keep  the  number  of  slots 
per  pole  per  phase  at  an  acceptable  value.  We  deviated  from  this  approach  somewhat.  However, 
note  that  as  the  stator  slot  number  increases  (with  diameters  not  changing),  there  is  a  tendency  for 
the  slot  to  "shrink"  in  width  to  accommodate  teeth  magnetic  densities.  A  point  can  be  reached  where 
the  slot  width  (and  height)  get  reduced  to  the  point  that  the  resulting  slot  area  diminishes 
appreciably.  When  this  occurs,  the  room  in  the  slot  to  accept  "ground"  insulation  becomes 
disproportionally  large  in  comparison  to  the  room  "remaining"  to  insert  the  stator  conductors.  This 
problem  can  be  alleviated  (to  some  degree)  by  using  fractional  slot  stator  windings  in  lieu  of 
integral  slot  windings  [  (Qi)  /  (3p)  equals  an  integer]. 

Rough  ES  designs  were  then  repeated  except  the  air  gap  was  now  set  at  .040  and  .050". 
The  results  of  these  design  runs  are: 


poles 

g 

T  /T 
*po 

ii- 

PF/EFF 

g 

Ts/Tpo 

PF/EFF 

# 

in 

per  unit 

kw 

10 

No  design  run  was  made 

14 

.050 

.34  /  2.76 

3.08 

.753/.962 

.040 

.28/2.55 

3.12 

.750/.961 

18 

.050 

.28  /  2.67 

2.80 

.670/.965 

.040 

.24  /  2.54 

2.43 

.718/.966 

22 

.050 

.28  /  2.05 

3.12 

.600/.959 

.040 

.26/  2.00 

2.65 

.649/.962 

Similar  to  the  .060  air  gap  runs,  the  .050  and  .040"  air  gap  runs  indicated  that  the  optimum 
stator  copper  loss  condition  was  at  18  poles. 

Preliminary  design  runs  at  14,  18,  and  22  poles  arc  contained  in  Appendix  B,  C,  and  D 
respectively  (other  runs  were  also  made  but  are  not  included). 

SPECmCL£QMMENTS: 

As  was  somewhat  expected  from  me  earlier  comments  in  this  report,  the  motor  performance 
should  tend  to  improve  with  increasing  frequency.  The  results  turned  basically  followed  this 
expectation.  Thus,  increasing  frequency  overcame  the  normal  decrease  in  performance  expected 
with  increased  poles.  Increased  pole  number  requires  the  air  gap  to  be  reduced  accordingly  as  the 
tabulations  clearly  indicate. 
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starting  lorcnie: 

As  mentioned,  starting  torque  is  considered  to  be  very  low.  This  torque  is  low  since: 

a)  The  rotor  slot  depth  and  shape  cannot  (due  to  the  "thin"  lamination  radial  height) 

incorporate  "deep  bar"  or  "skin  effect" 

b)  The  air  gap  flux  is  lower  than  desired  (weak  machine  magnetically) 

c)  As  a  result,  the  starting  impedance  is  high  and  the  starting  current  low 

In  order  to  evaluate  the  ability  of  a  final  motor  design  to  accelerate  the  propeller,  a  speed 
versus  load  torque  of  the  propeller  should  be  made  available.  Also,  any  expected  "line  voltage" 
drop  to  the  motor  must  be  delineated.  Having  this  information,  ED  can  then  determine  the 
"acceleration"  capability  of  any  given  final  design. 

We  expect  that  the  motor  locked  lOtor  torque  (for  any  final  pole/frequency  combination)  can 
be  improved  during  the  finalizing  process. 

Some  knowledge  of  any  variable  introduced  by  the  variable  frequency  generator  must  also  be 
disclosed.  For  example,  is  the  "source"  preset  at  the  desired  frequency  and  voltage  and  the  motor 
"thrown  across  the  line"  or  does  the  variable  frequency  source  "ramp-up"  during  the  staning 
process? 

UsitiQs: 

The  temperature  rise  of  the  machine  is  a  prime  consideration.  The  present  rough  designs  all 
have  losses  which  appear  to  be  too  high  for  the  motor  to  be  run  continuously  given  the  "enclosure" 
assumed.  The  losses  in  conjunction  with  the  ventilation  system  appear  to  be  too  high. 

Normally,  (TENV)  machines  are  designed  with  as  much  surface  area  as  possible  (ribs  added 
to  outside  surfaces)  and  the  electric  loading  (EL)  made  as  low  as  possible  (usually  no  higher  than 
1.0  and  more  toward  .5).  All  the  designs  run  indicate  (EL)  values  of  about  3  or  higher. 

Therefore,  there  is  little  doubt  that  even  the  most  optimum  of  the  rough  designs  generated 
have  losses  that  are  too  high  to  be  able  to  rate  the  machine  for  continuous  duty.  The  question  is 
how  long  the  machine  can  run  under  rated  load  with  a  class  B  (70  *C)  or  F  (95  *C)  tcmp)crature  rise 
not  being  exceeded. 

One  way  to  establish  this  is  to  do  a  thermal  heat  transfer  analysis.  The  contract  funds  did  not 
allow  for  such  a  labor  intensive  study  to  be  performed.  And  the  designs,  being  of  a  rough  and 
preliminary  nature,  do  not  warrant  such  an  elaborate  analysis  at  this  time. 

We  briefly  looked  at  the  temperature  rise  of  the  18  pole  design  with  .040"  air  gap.  In  so 
doing,  we  used  the  approach  normally  used  when  estimating  a  machine's  time  capability  under 
locked  rotor  conditions.  In  so  doing,  adiabatic  (or  no  heat  transfer  conditions)  are  assumed  and  the 
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dme  capability  is  estiinated  as: 


(1-4)  t  =  (*C  rise)  (Wt)  /  [(5.65)  (kw  loss)] 

where  (*C  rise)  is  a  maximum  rise  assumed  to  be  allowable,  (Wt)  the  weight  of  the  stator  copper, 
(kw)  the  stator  copper  loss  in  kilowatts  (without  resistance  compounding  considerations)  and  (t)  the 
time  in  seconds. 

Design  (Q  in  Appendix  C  gives: 

t  =  (95)  (62.3)  /  (2.43)  (5.65)  =  431  seconds  =  7.2  minutes 

As  stated,  this  is  a  very  conservative  and  "rough"  analysis  and  not  truely  applicable  to  steady 
state  conditions. 

However,  we  can  get  a  better  feel  for  what  the  estimated  (no  heat  transfer)  7  minutes  might 
mean  in  real  life  by  looking  at  the  design  and  test  of  some  (TENV)  units  rated  for  continuous  duty. 
Some  units  designed  and  tested  gave  the  following: 


Unit 

kw 

loss 

Wt 

lbs 

Calculated  (t) 
for  95  *C  rise 

Rise  on  test 

after  (x)  hours 

Final  Data 

25  (hp)  @  900 

.328 

170 

145  minutes 

20  ’C  (2.5  hrs) 

37  ‘C  rise  (7.5  hrs) 

30  (hp)  @  1200  .21 1 

310 

411  minutes 

40  *C  (7  hrs) 

40  'C  (9  hrs) 

If 

II 

II 

It 

30  *C  (2.5  hrs) 

II 

Both  reference  designs  had  a  large  amount  of  stator  copper  weight  and  used  a  21.473" 
(SOD)  with  a  (SID)  of  13.20".  From  the  above  tabulation,  one  can  get  an  appreciation  of  the 
extreme  difference  in  estimated  rime  to  reach  95  *C  for  the  rough  18  pole  design  versus  some  actual 
(TENV)  units  that  were  tested  etc.  As  such,  it  appears  that  the  7.2  minutes  calculated  for  one  of  the 
preliminary  designs  might  translate  to  an  actual  time  of  17  to  about  80  minutes  (to  reach  95  ’C  rise) 
depending  on  which  of  the  above  references  are  used. 

Thus,  temperature  rise  versus  1  hour  duty  time  appears  to  be  at  best  marginal  if  (TENV)  type 
of  ventilation  is  assumed. 


/; 
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As  the  poles  increase  for  approximately  the  same  coil  throw  (pitch),  coil  end  turn  length  gets 
smaller.  As  a  result,  the  end  turn  length  per  side  is  about  2.25"  for  the  18  pole  design  and  3.5"  for 
the  10  pole.  This  aiSO  suggests,  that  for  the  anticipated  ventilation  system,  that  the  prime  themial 
heat  transfer  path  will  be  from  the  coils  embedded  in  the  core  slots  radially  to  the  steel  backiron,  to 
the  frame,  and  then  out  to  the  surrounding  seawater. 

Backiron: 

The  backiron  is  relatively  small  to  accommodate  the  total  flux  (about  .325"  for  the  18  pole 
design  with  .040"  air  gap).  Thus  leaves  an  extremely  limited  amount  of  room  available  for  any 
clearance  between  the  stator  coils  outside  diameter  (and  connections)  and  the  frame  inside  diameter. 
The  coils  will  have  to  be  perfectly  straight  to  be  able  to  fit  such  a  geometry  situation. 

Frame  Thickness; 

As  roughed  out,  the  (SOD)  is  19.0  inches.  Therefore,  the  19.25"  (FOD)  cannot  be  satisfied. 
Even  if  the  frame  could  be  made  to  a  radial  thickness  of  .25"  per  side,  this  would  leave  the  (FOD) 
at  a  minimum  of  19.5".  It  does  not  look  feasible  to  maintain  a  19.25"  diameter  (FOD)  unless  the 
propeller  diameter  can  be  made  smaller  [while  demanding  no  more  than  200  (hp)]  and/or  the  length 
of  the  machine  can  be  increased.  Both  appear  to  be  necessary.  The  frame  thickness  must  be 
sufficient  to  support  the  stator  core  laminations  and  to  accommodate  screws  necessary  for 
attachiucnl  to  motor  housings  etc.  Also,  the  frame  inside  diameter  must  be  sufficiently  large  to  clear 
the  stator  coil  outside  diameter,  winding  connections  and  outgoing  "cable". 

The  geometry  boundaries  appear  to  be  such  that  they  limit  the  design  to  such  an  extent  that 
the  19.25"  (FOD)  cannot  be  met. 

Core  Loss: 

It  should  be  noted  that  the  computer  program  used  to  estimate  machine  performance  uses  60 
(hz)  core  loss  curves.  Therefore,  th**  ^ore  loss  and  machine  efficiencies  estimated  are  optimistic. 
Any  final  design  would  need  to  be  re-evaluated  for  these  effects  by  the  use  of  another  program  with 
400  (hz)  type  core  loss  "curves". 

Lamination  Radial  Thicknegi: 

The  total  lamination  radial  thickness  dictated  by  the  boundaries  [  (.5)  (19.0  -  15.0)  =  2.0"]  is 
a  major  limitation  and  problem.  For  a  stator  and  rotor  backiron  of  .5"  (to  carry  the  flux  and  limit  the 
core  densities  to  acceptable  values),  the  slot  depths  are  limited  to  .5  "  each.  These  are  very  small 
depth  values;  panicularly  for  that  of  the  stator  slot.  As  a  result,  slot  area  is  very  small  and  the 
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necessary  room  to  accommodate  sufficient  copper  for  200  (hp)  operation  is  severely  restricted. 


SUMMARY; 

a)  The  optimum  pole  number  seems  to  be  at  about  18  with  associated  frequency  to  obtain  a 
speed  slightly  higher  than  2100  (srpm).  However,  none  of  the  preliminary  18  pole  designs  run  are 
considered  satisfactory. 

b)  The  (FOD)  of  19.25"  cannot  be  maintained  with  an  propeller  (OD)  of  14.5"  and  a  (RID) 
of  15.0".  The  propeller  (OD)  must  be  somewhat  smaller  and  the  machine  length  increased. 

c)  Heating  appears  to  be  very  marginal  even  for  1  hour  operation  at  200  (hp). 

d)  Room  for  stator  coil  connections  and  outgoing  cable  is  very  limited. 

Both  funded  dollars  and  time  did  not  allow  us  to  proceed  further  with  our  evaluation.  It 
should  be  obvious  that  much  more  study  needs  to  be  done  to  determine  if  a  viable  design  can  be 
obtained  and  that  some  boundary  conditions  relaxed  in  order  to  achieve  the  required  output  in  a 
19.25"  (FOD).  At  this  time,  it  does  not  appear  that  a  viable  design  can  be  made  to  fit  the  boundary 
conditions  given.  The  problem  stems  from  3  factors: 

the  envelope  restictions 

the  rating  of  the  motor 

the  ventilation  (cooling)  available 
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